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Background: Truly phosphospecific antibodies are difficult to generate and are poorly understood.
Results: Avian single chain Fv library selections yielded fully phosphospecific anti-phospho-tau antibodies, enabling the gen-
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eration of a 1.9 A co-crystal structure.

Conclusion: Phosphospecific antibodies were readily generated and can exhibit unique epitope recognition mechanisms.
Significance: High-affinity antibody phosphoepitope recognition has been defined, at high resolution, for the first time.

Highly specific antibodies to phosphoepitopes are valuable
tools to study phosphorylation in disease states, but their dis-
covery is largely empirical, and the molecular mechanisms
mediating phosphospecific binding are poorly understood.
Here, we report the generation and characterization of
extremely specific recombinant chicken antibodies to three
phosphoepitopes on the Alzheimer disease-associated protein
tau. Each antibody shows full specificity for a single phospho-
peptide. The chimeric IgG pT231/pS235_1 exhibits a K, of 0.35
nM in 1:1 binding to its cognate phosphopeptide. This IgG is
murine ortholog-cross-reactive, specifically recognizing the
pathological form of tau in brain samples from Alzheimer
patients and a mouse model of tauopathy. To better understand
the underlying binding mechanisms allowing such remarkable
specificity, we determined the structure of pT231/pS235_1 Fab
in complex with its cognate phosphopeptide at 1.9 A resolution.
The Fab fragment exhibits novel complementarity determining
region (CDR) structures with a “bowl-like” conformation in
CDR-H2 that tightly and specifically interacts with the phos-
pho-Thr-231 phosphate group, as well as a long, disulfide-
constrained CDR-H3 that mediates peptide recognition. This
binding mechanism differs distinctly from either peptide- or
hapten-specific antibodies described to date. Surface plasmon
resonance analyses showed that pT231/pS235_1 binds a truly
compound epitope, as neither phosphorylated Ser-235 nor free
peptide shows any measurable binding affinity.

I This article contains supplemental Figs. S1-S4 and Tables 1 and 2.

The atomic coordinates and structure factors (code 4GLR) have been deposited in
the Protein Data Bank (http://wwpdb.org/).
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Many proteins undergo post-translational modifications
that regulate their function under normal and pathological con-
ditions (1). Although protein phosphorylation is one of the
most extensively recognized and described events during nor-
mal and disease-related cell signaling, few significant advances
have been made in the generation or molecular characteriza-
tion of phosphospecific antibody reagents since initial reports,
some 30 years ago (2, 3).

In a hyperphosphorylated state, the microtubule-associated
protein tau makes up the protein constituent of the paired hel-
ical filaments of non-fibrillar tangles in the brains of Alzheimer
disease (AD)? patients and has been the focus of intensive
research over the past 2 decades (4, 5). In humans, tau has six
isoforms, and all are present in tangles in their hyperphosphor-
ylated state (5-9). The phosphorylation of tau occurs under
both normal and pathological conditions and is believed to neg-
atively regulate the ability of tau to promote microtubule
assembly (10). Pathological tau has been implicated in generat-
ing protein aggregates in the cell body and eventually killing the
neuron (6, 11-13).

In the brains of AD patients, tau is found to be phosphory-
lated at levels 3—4-fold higher than tau from normal brain (14—
16). To date, ~40 tau phosphorylation sites have been identi-
fied in association with AD (17). As a result of the association
between tau hyperphosphorylation and pathological pheno-
types (18), tau has been proposed as both a diagnostic bio-
marker and a target for therapeutic intervention in AD.
Monoclonal antibodies (mAbs) specific for different tau
phosphorylation states therefore have the potential to pro-
vide valuable research reagents to unravel normal versus path-

3 The abbreviations used are: AD, Alzheimer disease; mAb, monoclonal anti-
body; CDR, complementarity-determining region; scFv, single chain Fy;
pThr, phospho-Thr.
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ological tau function and to provide potential diagnostic or
even therapeutic tools for AD.

In this study, we chose three phospho-tau epitopes, based on
their association with AD pathology (17), as antigens for
chicken immunization and subsequent recombinant antibody
generation. Chickens are a historically reliable immune host
due to their robust immune response against highly conserved
mammalian proteins (19), the feasibility of co-immunizing sin-
gle animals with multiple immunogens (20, 21), and their
proven ability to generate highly specific antibodies against
both peptides (22) and haptens (23) via display technologies
(24).

The chicken V gene repertoire is markedly different from the
systems employed by humans, mice, and primates, which all use
sequences that are highly diverse in both sequence and struc-
ture (25, 26). In chickens, only single functional V genes exist
for the light and heavy chains, containing unique V; -J; (A iso-
type only), Vi;-Ji; (Vi3 family), and D segments (27-29). To
make such a restricted V gene germ line repertoire highly func-
tional, the chicken has evolved a complex V gene diversification
mechanism known as “gene conversion” (29, 30). The gene
conversion process in chickens is analogous to that utilized
in rabbits (31), where each template V gene is diversified by
recombination with segments from numerous upstream
pseudogenes.

Surprisingly, chickens also only utilize 15 functional D seg-
ments, all of which are highly homologous (28). In contrast to
humans and mice, chicken D segments obligately contain cys-
teine, with the consensus sequence GS(A/G)YC(G/C)(S/
W)XA(Y/E) (where X is non-conserved) (28). This limited ini-
tial V;; CDR3 repertoire is hyperdiversified by the use of D-D
junctions, somatic mutation, and the insertion of new
sequences via gene conversion. These D-like sequences are
donated by pseudogenes and may replace the entire D segment
or only a small section, leading to the creation of “mosaic CDRs:
(28, 29). The frequent use of cysteine in V;; CDR3 of chickens
coupled with double D segment insertions leads to >50% of all
B-cell clones in the chicken repertoire containing intra-CDR
disulfide bonds (32). The high frequency of these probable dis-
ulfides suggests that they play an important functional role in
CDR structural diversification. The nature of how these bonds
are used in chicken antibodies has, however, never hitherto
been observed via a crystal structure.

Using phage display technology coupled with a simple dese-
lection method to remove clones with unwanted reactivity to
the non-phosphopeptides, we successfully identified chicken
single chain Fv (scFv) clones that bind with remarkable speci-
ficity to the desired phosphoepitopes. Importantly, the anti-
bodies could be rapidly converted to chimeric human IgGs and
were shown to be reactive with both human and murine
orthologs of tau, successfully recognizing the phosphoepitopes
in the brains of both a rodent AD model and human AD
patients. This simple method provides a robust and broadly
applicable platform to generate multiple phosphospecific anti-
bodies from a single, small, target-focused, immune phage dis-
play library.

Although the recognition of phosphopeptides by protein
kinases and phosphatases has been extensively studied (33),
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there are only a handful of papers describing anti-phosphopep-
tide antibodies that were selected via display technologies (34,
35). Furthermore, none of the phosphopeptide-antibody com-
plexes currently described in the literature have been structur-
ally characterized beyond in silico modeling and CDR mutagen-
esis (36-38). To aid our understanding of the molecular
mechanisms that mediate phosphospecific epitope recogni-
tion, we determined the co-crystal structure of a highly specific,
high-affinity, anti-phospho-tau Fab fragment in complex with
the pathology-associated phosphoepitope pT231/pS235. The
Fab fragment recognizes the six amino acids N-terminal to the
phosphorylation site via a long, disulfide-constrained CDR-H3
and forms a “bowl-like” conformation in CDR-H2 to interact
directly with the first of two phosphorylated residues (phos-
pho-Thr (pThr)-231). This residue is tightly bound through a
network of hydrogen bond interactions, providing a structural
basis for the ultra-specific recognition of the phosphoepitope.

To our knowledge, this high-resolution structure represents
the first avian antibody and, indeed, the first antibody in com-
plex with its cognate phosphoepitope to be described in the
literature. The establishment in this study of a simple method-
ology to generate ultra-specific and high-affinity phosphoe-
pitope recognition antibodies should make such high-quality
reagents accessible to many research groups. When coupled
with high-resolution structural analysis of antigen-binding
modes, this will facilitate new insights into the recognition of
post-translational modifications by novel proteins. It may also
inform fundamental comparative immunogenetics and anti-
body structure-function relationships. In the future, these stud-
ies could ameliorate the need for animal immunization by pro-
viding sufficient data to create designer, fully synthetic,
phospho-biased antibody repertoires, as recently described for
libraries biased toward the recognition of haptens (39), proteins
(40), and peptides (41).

EXPERIMENTAL PROCEDURES

Peptides, Immunization, and scFv Library Construction—All
peptides (supplemental Table 1) were synthesized by Open Bio-
systems. A cysteine was added to the C terminus of each peptide
to allow biotinylation and keyhole limpet hemocyanin conjuga-
tion. Immunization of three chickens (in accordance with
approved animal review board procedures; Charles River Lab-
oratories) with phosphopeptides conjugated to keyhole limpet
hemocyanin (pooled) and scFv phagemid library construction
were performed as described previously (42).

Phage Selections and Screening of Peptides—Selections were
carried out using a solution-phase protocol with biotinylated
peptides and streptavidin bead capture (43) in the presence of a
10-fold molar excess of cognate non-phosphopeptides and
scrambled phosphopeptides as competitors (non-biotinylated).
Selected bacterial clones were screened via direct binding
ELISA as described previously (42, 44).

Immunostaining of AD Brain—Formalin-fixed, paraffin-em-
bedded tissue sections (5 wm thick) from Braak stage VI human
AD brain (Sun Health Research Institute) were analyzed by
immunohistochemistry. Slides were dehydrated, and heat-in-
duced antigen (epitope) retrieval was performed using a wet-
heat treatment at 122 °C in Reveal buffer solution (pH 6) (Bio-
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care Medical). After blocking with 3% H,O, and 10% (v/v) goat
serum (Jackson ImmunoResearch Laboratories), sections were
incubated with chimeric anti-phospho-tau IgG (1 ug/ml).
Detection was performed with 0.1 ug/ml rabbit anti-human
IgG (Jackson ImmunoResearch Laboratories) and an EnVision
System+ kit (Dako). Labeled slides were counterstained with
Mayer’s hematoxylin (Dako).

Preparation and Western Blot Analysis of Mouse Brain
Lysates—Frozen hemi-brains without cerebellum were rinsed
in PBS, homogenized using a Dounce homogenizer in lysis
buffer (Roche immunoprecipitation kit), and processed accord-
ing to the manufacturer’s protocol. Western blotting of brain
homogenates (28 g of total protein/well) was performed using
4-12% NuPAGE gels, nitrocellulose membrane, and an iBlot
system (Invitrogen). After blocking (LI-COR block), the blot
was incubated with anti-phospho-tau antibodies and anti-
GAPDH antibody (LifeSpan Biosciences) as a loading control.
Rabbit anti-human IgG was used as a secondary antibody (Jack-
son ImmunoResearch Laboratories), followed by fluorescently
labeled detection antibodies (Alexa Fluor 680 (Invitrogen) and
IRDye800 (Rockland)). The blot was visualized using and Odys-
sey system (LI-COR).

IgG Expression and Fab Preparation—IgGs were produced
via transient transfection of CHO-S cells using CHO-MAX
transfection reagent and FreeStyle CHO expression medium
(Invitrogen). Antibody was then purified from conditioned
medium via a 5-ml HiTrap rProtein A FF column (GE Health-
care). A Fab fragment was prepared and purified using a Pierce
Fab kit (Thermo Scientific).

Binding Kinetics Analyses—Surface plasmon resonance anal-
ysis was performed using a BIAcore T200 biosensor, Series S
CMS5 chips, an amine coupling kit, 10 mM sodium acetate
immobilization buffer at pH 5.0, 1X Hepes Buffered Saline/
EDTA/P20 surfactant running buffer (pH 7.4), and 3 m MgCl,
(GE Healthcare). A targeted immobilization program was used
to immobilize 4000 —-8000 response units of anti-human IgG
(Fc) (GE Healthcare) at pH 5 on flow cells 1 and 2, followed by
the capture of 500 response units of each respective anti-phos-
pho-tau IgG on flow cell 2. For calculation of kinetic constants
using global fit analysis, the phospho-tau peptides were diluted
in 1X Hepes Buffered Saline/EDTA/P20 surfactant running
buffer (2-fold dilution series). Each concentration was injected
over both flow cells 1 and 2 for 3 min at a flow rate of 50 ul/min
(to minimize the potential for mass transfer or rebinding
events) and allowed to dissociate for 10 min, followed by a 5-s
regeneration pulse with 5 M MgCl,. Reference-subtracted sen-
sorgrams (flow cell 2 minus 1) for each concentration were
analyzed using the kinetics 1:1 binding program within BIAcore
T200 evaluation software (version 1.0).

Crystallization and Data Collection—pT231/pS235_1 Fab
was formulated at 14.9 mg/ml in 20 mm Tris and 100 mm
NaCl (pH 7.0), and 10 mm phosphopeptide (***KKVAVVR-
(pT**")PPK(pS***)PSSAKC>**') was added and mixed before
crystallization trials. The Fab/peptide molar ratio was 1:1.2.
Crystals of Fab/peptide were grown at 18 £ 1 °C using the sit-
ting-drop vapor diffusion method. Each drop contained 0.15 ul
of Fab/peptide mixture and 0.15 ul of reservoir solution con-
taining 200 mm NH,H,PO, and 40% methyl pentanediol. The
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crystals appeared after ~2 months at a final size of 0.1 X 0.4 X
0.05 mm?, X-ray diffraction data were collected remotely at
beamline 17-ID of the Industrial Macromolecular Crystallogra-
phy Association Collaborative Access Team at the Advanced
Photon Source, Argonne National Laboratory. Data processing
was carried out with the HKL2000 program (45) and Auto-
PROC (46). Final data statistics were generated using Auto-
PROC. Crystal data and processing statistics are summarized in
supplemental Table 2.

Structure Solution and Refinement—The anti-phospho-tau
Fab-peptide complex was solved by molecular replacement
using the Phaser program (47), with an ensemble of Protein
Data Bank codes 3GJE, 3BN9, and 3KYM for the heavy chain
and codes 3MA9, 3G6D, and 3H42 for the light chain as the
search models. The structure was initially refined using
PHENIX (48) and finalized with BUSTER (49). Bulk solvent
correction was used. The 2F,and F, — F, electron density maps
were calculated for the inspection and improvement of the
structure during refinement. The peptide was built at a later
stage of the refinement. Solvent molecules, as peaks greater
than or equal to 30 on the F, — F, electron density map with
reasonable hydrogen bonding networks, were included as water
molecules. Graphic work was carried out using Coot (50). The
structure was verified with annealed omit maps and assessed
using PROCHECK (51). Illustrations were prepared with
PyMOL (DeLano Scientific LLC).

RESULTS

Generation of Chicken Antibodies Specific to Phosphorylated
Tau—Antibodies were generated against three separate phos-
phoepitopes on tau associated with AD pathology (17): pT231/
pS235, pT212/pS214, and pS396/pS404 (supplemental Table
1). In particular, conformational changes around Thr-231 have
been shown to directly affect the microtubule-binding ability of
tau (52). Chicken immunizations were carried out with a mix-
ture of phosphopeptides, each separately conjugated to keyhole
limpet hemocyanin before combination. From each immu-
nized chicken, spleen and bone marrow RNAs were isolated,
and a pooled scFv phagemid library of 3.8 X 10® cfu was con-
structed. This library was rescued, and a series of solution-
phase selections were carried out using biotinylated versions of
each of the phospho-tau peptides in the presence of a 10-fold
excess of each of their respective non-biotinylated scrambled
phosphopeptides and non-phosphopeptides.

Screening of selected clones was carried out by ELISA for
binding of phage scFv to plate-immobilized phospho- and non-
phospho-tau peptides. For each of the three peptides, binders
specific to phosphopeptide were isolated. A total of 12 unique
binders for pT231/pS235, five unique binders for pS396/pS404,
and three unique binders for pT212/pS214 were identified. The
alignment of the V; and V; sequences for the two most domi-
nant binders for each phosphoepitope is shown in supplemen-
tal Fig. S1. Each of these clones was found to have the high
framework uniformity that is typical of chicken antibodies (32).
They are highly divergent in their V;; CDR3 sequences, how-
ever, with the exception of pT231/pS235_1 and pT231/
pS235_2, which have identical heavy chain sequences but
exhibit promiscuity in light chain usage. Clones pT212/
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FIGURE 1. Expression and binding activity of chimeric IgG molecules converted from scFv. A, Western blot analysis of chimeric IgG molecules converted
from scFv clones pT231/pS235_1, pS396/pS404_1, and pT212/pS214_1, respectively. The heavy and light chains for each IgG are indicated by arrows. B-D,
ELISA analysis of each purified IgG molecule for binding to the phosphopeptide, non-phosphopeptide, and scrambled (Scr) peptide.

pS214_1, pT212/pS214. 2, and pS396/pS404._1 are type 2
chicken Vi, whereas clones pT231/pS235_1, pT231/pS235_2,
and pS396/pS404._2 all contain a pair of non-canonical cysteine
residues in CDR-H3 and are representatives of the major struc-
tural type 1 chicken V; (32).

Specificity of Reformatted Chimeric IgGs for Phosphopep-
tides—One dominant scFv binder for each of the three phos-
phopeptides was converted into chimeric human IgG1 contain-
ing the V,; and V| sequences from the chicken scFv clones
grafted onto human IgG1/A constant domains. As shown in Fig.
1A, the converted IgG molecules express full-length heavy and
light chain by Western analysis. Importantly, these chimeric
antibodies preserved the binding specificity for each phospho-
peptide when tested in a direct ligand binding ELISA. Each of
the IgGs showed avid, dose-dependent binding to phosphopep-
tide but no detectable binding to either non-phosphopeptides
or control scrambled peptides (Fig. 1, B-D).

To establish the affinities of our three IgGs for their respec-
tive phosphopeptide epitopes, binding kinetics analyses were
performed using Biacore technology. To ensure 1:1 interaction
kinetics, the IgGs were captured on anti-human IgG CM5
chips, and binding responses were measured with peptide in the
mobile phase. These analyses showed that the 1:1 affinities
ranged from ~2 um for pS396/pS404_1 to 98 nMm for pT212/
pS214_1 and 0.35 nm for pT231/pS235_1 (Table 1).

As confirmation of the specificity data observed in Fig. 1,
Biacore analyses were performed in which the non-phospho
and scrambled versions of all peptides used in this study were
tested for binding to our highest affinity clone, pT231/pS235_1.
A classical binding profile was observed for the pT231/pS235
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TABLE 1

Surface plasmon resonance kinetic analyses of anti-phospho-tau IgGs
for phosphopeptides

Kinetics analyses were performed as described under “Experimental Procedures.”
NB, no binding signal observed.

Clone k, K, K,
s 51 nm
pS396/pS404_1 1.5 X 10° 3.1x10°! 2045.0
pT212/pS214_1 8.3 X 10* 8.0X 1073 97.9
pT231/pS235_1 5.3 X 10° 1.8 X103 0.35
pT231 5.1 X 10° 58X 107* 1.1
pT231A 1.7 X 10° 1.8x10°3 1.0
pS235 NB NB NB

peptide at 20 nm (supplemental Fig. S2A), but no binding signal
was observed for any other peptide at 500 nMm (supplemental Fig.
S2B). As pT231/pS235_1 shows a binding affinity of 0.35 nm for
the pT231/pS235 peptide, we therefore estimate that the bind-
ing affinity of pT231/pS235_1 for the non-phosphopeptide is
<0.5 puM. This represents (at least) a 1000-fold differential in
binding affinity between the phospho and non-phospho ver-
sions of the peptide. This finding confirmed that we had iden-
tified clones of exemplary phosphospecificity that are incapable
of binding to non-cognate phosphoepitopes or non-phosphoe-
pitopes under either avid solid-state (Fig. 1) or 1:1 binding (sup-
plemental Fig. S2) conditions.

On the basis of the co-crystal structure of pT231/pS235_1
Fab and pT231/pS235 peptide (described below), we hypothe-
sized that binding affinity and specificity relied heavily on the
phosphorylation at Thr-231. To examine the necessity for
pThr-231 and pSer-235 phosphorylation in the binding of
pT231/pS235_1, a series of modified peptides were synthesized
and subjected to binding affinity analyses as outlined above.
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FIGURE 2. Binding of pathological phospho-tau by antibody pT231/pS235_1 in human AD and Tg4510 transgenic mouse brains. A-C, immunohisto-
chemical staining of human AD brain (A and B) and healthy brain (C). B, magnification of the boxed area in A. D, Western blot analysis of Tg4510 transgenic and
wild-type brain lysates with pT231/pS235_1 IgG (plus control anti-GAPDH antibody). Each lane represents a different animal, and the lysate samples are
3-month-old wild-type mice (lanes 1 and 2), 3-month-old transgenic mice (lanes 3 and 4), 6-month-old wild-type mice (lanes 5 and 6), and 6-month-old

transgenic mice (lanes 7 and 8).

Peptide pT231 lacked the phosphorylation at Ser-235, whereas
pT231A had the full C-terminal sequence after Lys-234
removed. Both peptides retained binding at a slightly reduced
affinity in comparison with the pT231/pS235 peptide (Table 1
and supplemental Fig. S3, A-C). Peptide pS235 lacked the
phosphorylation at Thr-231 and showed no measurable bind-
ing signal, proving the necessity of pThr-231 for the binding
affinity of the antibody (Table 1 and supplemental Fig. S3D).

Recognition of Pathological Tau in the Brain of a Human AD
Patient and a Transgenic Mouse Model of Tauopathy—To test
whether pT231/pS235_1 can recognize the phospho-tau
epitopes in full-length tau, we tested the IgG in immunohisto-
chemistry studies using human AD brain samples. As shown in
Fig. 2, the antibody exhibited specific staining patterns in the
AD brain samples (Fig. 2A) but not in normal patient brain
samples (Fig. 2C). Specific staining of neurofibrillary tangles
was also observed (Fig. 2B). In Western blot analysis, the anti-
body recognized phospho-tau in the brains of 6-month-old
tau(P301L) Tg4510 transgenic mice but not in young
(3-month-old) transgenic mice or wild-type control mice at
either 3 or 6 months of age (Fig. 2D). The results are consistent
with the report that these transgenic mice carrying the P301L
mutation develop tangles constituting hyperphosphorylated
tau at 4— 6 months of age (53).

X-ray Crystallographic Analysis of How Antibody pT231/
pS235_1 Binds Its Epitope with High Affinity—To investigate
the structural basis for the high-affinity recognition of the
pT231/pS235_1 epitope, we generated purified Fab fragment
and used this protein in x-ray crystallography. The sequence
of the peptide used for co-crystallization was the same as
that of the full-length immunogen, ***KKVAVVR(pT**")PPK-
(pS**°)PSSAKC?*!, with two phosphorylation sites at Thr-231
and Ser-235. The resulting analyses led to the generation of a
co-crystal structure in which the Fab fragment and peptide
were resolved at 1.9 A (Protein Data Bank code 4GLR). In the
Fab-peptide co-crystal structure, 10 amino acids (***KVAV-
VR(pT)PPK?***) are visible, of which six (***KVAVVR(pT>*'))

DECEMBER 28, 2012+VOLUME 287+NUMBER 53

interact directly with the Fab fragment. The remaining eight
residues of the peptide are disordered. The phosphoepitope
adopts a specific conformation on top of the CDRs, with two
sharp turns at Val-228 and pThr-231 (Fig. 3, A and B, and sup-
plemental Fig. S4). This conformation seems to be maintained
by an intramolecular hydrogen bond between the side chain
nitrogen of Lys-225 and the carbonyl oxygen of Val-226 and by
a water-mediated hydrogen bonding network between a phos-
phate oxygen and a side chain nitrogen of Arg-230 (Fig. 3B). Itis
not clear whether this conformation reflects the phosphoe-
pitope’s natural state within full-length tau, but our immuno-
histochemistry data show that the antibody does recognize the
phosphorylated epitope in the intact molecule (Fig. 2).

To our knowledge, our structure represents the first anti-
phospho antibody in complex with its cognate phosphoepitope
to be described in the literature. The mechanism of epitope
recognition involves eight hydrogen bonds, three salt bridges,
and six hydrophobic interactions (Fig. 44). The total buried
surface area between phosphoepitope and antibody is ~660 A>
as calculated by PISA (54). The phosphoepitope is dominated
by CDR-H2 and CDR-H3 from the heavy chain, with second-
ary support from CDR-H1 and the light chain. CDR-H3 pro-
vides a platform for binding of the non-phosphorylated
#25KVAVVK?>*° sequence, whereas the light chain CDRs form a
hydrophobic wall to support binding of Val-228 and Lys-225
(Figs. 3B and 4B). A total of 16 residues make contact with
antigen (Fig. 44), which is in agreement with the average num-
ber of contacts found in anti-peptide antibodies (~17) (55). In
contrast, CDR-H3 makes six contacts, more than the average
four. CDR-L2 also makes contact with antigen, which is
unusual among antibodies to haptens or peptides, where the
paratope is usually too small (55).

The critical phosphorylation site (pThr-231) is exclusively
recognized by CDR-H2 (Fig. 3C), which forms a positively
charged pocket to accommodate the phosphate. The phosphate
group forms hydrogen bonds with the backbone nitrogens of
H/Arg-53 (where H = Ab heavy chain, and L = Ab light chain,
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FIGURE 3. Structure of anti-phospho-tau Fab (pT231/pS235_1) in complex with phosphoepitope pT231/pS235. A, schematic view showing the complex.
The Fab heavy chain (V, + C41) and light chain (V, + C,) are shown in blue and purple, respectively. The phosphoepitope is shown as yellow sticks on top with
phosphorylated Thr-231 (pT237) highlighted as red spheres. The solvent PO; ~ ion is labeled and shown as green spheres. B, transparent electrostatic surface view
of the CDRs showing the strong electrostatic interactions between CDR residues and the phosphoepitope. Positively charged areas are shown in blue, and
negatively charged areas are shown in red. The backbone of the bound phosphoepitope is shown as a schematic in yellow; the side chains are shown as a stick
model in atomic colors (carbon, yellow; nitrogen, blue; oxygen, red; and phosphorus, orange). The side chains of Pro-232, Pro-233, and Lys-234 are omitted for
clarity, with Ca shown as spheres. The residues within CDRs that form strong electrostatic interactions with the phosphoepitope are shown as purple sticks.
A water molecule is labeled W1. Hydrogen bonds are shown as dashed purple lines. C, interaction details between CDR-H2 and pThr-231. Two confor-
mations of the H/Arg-53 side chain are shown as R53 and R53’, respectively. Hydrogen bonds are shown as dashed purple lines. A water molecule is
labeled W2.
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FIGURE 4. Fab-phosphoepitope interaction details. A, schematic representation of all contacts between pT231/pS235_1 Fab and the phosphoepitope
pT231/pS235 in the Fab-phosphoepitope co-crystal structure. B and C, interaction details between 22>KVAVVR**° and the Fab fragment, with the same
orientation in both panels. B, CDR-H3 is shown as an electrostatic surface model, with positively charged areas in blue and negatively charged areas in red. C,
CDR-H3 is shown as a schematic in magenta and as sticks in atomic colors (carbon, magenta; nitrogen, blue; and oxygen, red). The CDRs from the light chain are
shown as a schematic in yellow, with side chains shown as sticks (carbon, yellow; and oxygen, red). Peptide *2>’KVAVVR?3° is shown as gray sticks (carbon, gray;
nitrogen, blue; and oxygen, red). GIn-33 from CDR-H1 is shown as green sticks (carbon, green). Hydrogen bonds are shown as dashed black lines. The disulfide
bond within CDR-H3 is shown and labeled SS bond.
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with Kabat numbering) and H/Gly-55 and the side chain of
H/Thr-52 and forms a water-mediated hydrogen bonding net-
work with H/Ser-52A (Kabat numbering scheme (56)). The side
chain of H/Arg-53 is well positioned to form a charge-charge
interaction with the phosphate, but the guanidinium moiety is
not visible in the electron density, suggesting that this interac-
tion is not stable. The fact that four of the eight hydrogen bonds,
as well as the water-mediated interaction between the Fab frag-
ment and phosphoepitope, are involved in phosphate recogni-
tion (Fig. 4A4) might explain why the antibody does not bind to
non-phosphorylated peptides with the same sequence (supple-
mental Fig. S2). Interestingly, a phosphate-binding motif in
which the backbone nitrogens of consecutive glycines coordi-
nate the bound phosphate has been reported in a number of
enzymes (57). The phosphate recognition motif from CDR-H2
of pT231/pS235_1 also includes two consecutive glycines
(**TSRGG™®) (Fig. 4A4), demonstrating a surprising conver-
gence between an evolutionarily conserved enzyme sequence
motif and a sequence with similar function in an immunoglob-
ulin selected by phage display.

In addition to the hydrogen bonding network between
CDR-H2 and pThr-231, three salt bridges appear to provide
further anchor points for the phosphoepitope binding, forming
two charge complementary areas around positively charged
side chains of Lys-225 and Arg-230 (Fig. 4B). Two salt bridges
(H/Glu-100F-Lys-225 and H/Asp-100-Arg-230) involve
CDR-H3, and one salt bridge (L/Asp-32—Lys-225) engages
CDR-L1. Only one interaction is found between CDR-H1 and
the phosphoepitope (Fig. 4, A and B).

Unique Structural Attributes of Chicken Immunoglobulins
Observed in the CDRs of pT231/pS235_1—pT231/pS235_1 Fab
in complex with its cognate phosphoepitope represents the first
chicken antibody structure to be deposited in the Protein Data
Bank. We therefore systematically compared the CDR
sequences and conformations of this clone with the canonical
CDRs from humans and rodents as classified by North et al.
(58). CDR-H3 was not included in the analysis because it is
known to have diverse lengths and structures (58). We found
that chicken CDR-L2, CDR-L3, CDR-H1, and CDR-H2 all
adhere to canonical conformations seen in mammalian struc-
tures and could be classified into clusters L2—8, L3-11, H1-13,
and H2-10, respectively (58). In contrast, chicken CDR-L1 has
a conformation that is distinct from all canonical CDR-L1 clus-
ters described in humans and rodents to date (Fig. 54).

Disulfide bonds are often seen in chicken CDR-H3 loops and
are proposed to play important roles in creating chicken
paratopes of great structural complexity in the context of a
single framework repertoire (32). A large insertion within
CDR-H3 (18 amino acids in length) forms a surface that makes
numerous interactions with the non-phosphorylated part of
the epitope (Fig. 4B). The disulfide bond between Cys-100B and
Cys-100I may help to maintain the compact conformation of
this large loop (Fig. 5B). The combined CDR-H3, CDR-H2, and
CDR-L1 structures therefore create a unique binding site topol-
ogy not previously described in human or murine antibodies
(Fig. 50).
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FIGURE 5. Chicken-specific conformations of CDR-L1 and CDR-H3 from
anti-phospho-tau Fab (pT231/pS235_1). A, ribbon view showing the
superposition of chicken CDR-L1 (red) with canonical mammalian CDR-L1-
10-1 (blue; Protein Data Bank code 1YQV) and CDR-L1-10-2 (yellow; code
1AY1), respectively. CDR-L1-10-1 and CDR-L1-10-2 represent two clusters of
mammalian CDR-L1 conformations and show the best structural similarity to
chicken CDR-L1. B, schematic view showing the conformation of chicken
CDR-H3 stabilized by the intramolecular disulfide bond shown as a ball and
stick model in atomic colors (carbon, red; and sulfur, yellow). Two cysteines are
labeled C700B and C100I, respectively. C, schematic view showing chicken
CDRs with the same coloring scheme as in A and B. CDR-L2, CDR-L3, CDR-H1,
and CDR-H2 are shown in gray.

DISCUSSION

Highly specific mAbs that bind to distinct phosphorylation
sites are desirable as research tools to study the physiological
and pathological functions related to post-translational modi-
fication. Despite this pressing need, the methods used in their
generation have progressed little in the last 30 years, and many
researchers rely on either commercial or personally generated
polyclonal or monoclonal antibodies, which frequently exhibit
poor specificity (59). We sought an alternative immune host
and antibody selection methodology to generate high-affinity
antibodies that are truly specific for individual phosphoe-
pitopes on the model protein tau.

Although phosphospecific antibodies have been obtained
successfully from classical naive antibody fragment libraries
(35), it is often the case that functional application of such anti-
bodies to therapeutic or diagnostic settings requires a process
of in vitro affinity maturation, which can be technically chal-
lenging, time consuming, and costly (59, 60). Additionally, if
they are generated against full-length phosphorylated protein,
then the epitopes recognized by the antibodies cannot be dic-
tated and must be elucidated post hoc (35).

In this study, we have demonstrated that chickens can be
used as a model system to enable the rapid generation of a panel
of mAbs targeting various phosphoepitopes with exact specific-
ity. Chickens are increasingly used to generate high-affinity
antibodies that cross-react across multiple orthologs of a spe-
cific mammalian immunogen (20, 21, 61). Although it has been
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demonstrated that chicken mAbs can be raised against peptide
and hapten epitopes (22—24), our report is the first to document
the generation of chicken mAbs that specifically recognize
phosphoepitopes. Immunizing the same chickens with a mix-
ture of phosphopeptides led to the successful generation of
mAbs specific to each of the peptides, demonstrating that this is
a feasible technological approach to generate panels of highly
specific mAbs against various phosphoepitopes from a single
small library. Importantly, despite being raised against linear
synthetic peptides, at least one of these antibodies can specifi-
cally recognize the pathological epitope of phospho-tau in AD
brains analyzed by both immunohistochemistry and Western
blotting.

Of the three mAbs tested that bind to the phosphopeptides,
one was found to bind both orthologs of phospho-tau in human
AD brain and Tg4510 mouse brain, proving the broad potential
diagnostic and experimental utility of these recombinant avian
antibodies. During our phage selection and screening pro-
cesses, we also obtained a small number of clones that bind to
the non-phosphopeptides. Modification of the phage selection
conditions and competition with non-phosphopeptide and
scrambled peptides were critical for the isolation of phospho-
specific binders. Our combined immunization and selection
approach delivered highly phosphospecific clones of up to pico-
molar affinity despite the tendency of the immune system to
predominantly generate a non-phosphospecific response. Our
biosensor studies corroborated the binding mechanism sug-
gested by the co-crystal structure, showing the phosphorylation
event at Thr-231 to be the critical element in the interaction
between the paratope of pT231/pS235_1 and the phosphoe-
pitope. When this residue was dephosphorylated, all affinity for
the peptide was lost.

The analysis of co-crystal structures between antibodies and
their antigens, combined with natural repertoire characteriza-
tion, has greatly informed our understanding of antibody struc-
ture-function relationships (55, 62). These analyses have led to
the recognition that the structural topography and chemical
content of the paratope can be distinctly different between anti-
bodies, depending on the size and nature of the antigen (63).
Such structural insights have been critical to the adoption of the
“designer compound libraries” (64) approach in antibody drug
discovery, leading to the creation of synthetic antibody libraries
that are tailored to recognize therapeutically or diagnostically
relevant proteins (40), haptens (39), or peptides (41). The sim-
plified generation of high-affinity recombinant antibodies to
phosphoepitopes, as described here, will improve our ability to
provide further structural insights and may potentiate phos-
phoprotein-targeted designer libraries in the future.

The identification of the high-affinity antibody pT231/
pS235_1 facilitated the generation of the Fab-phosphopeptide
crystal structure. As truly phosphospecific mAb generation is
challenging (34), it may be rare to find such clones with mid-
picomolar 1:1 binding affinity that subsequently aid the gener-
ation of high-quality crystals. The high-resolution pT231/
pS235_1 co-crystal structure showed that the mechanism of
interaction used by the antibody does not fit strictly into any
one of the classical protein-, peptide-, or hapten-binding
modes. In general terms, anti-protein antibodies tend to use
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broad flat interfaces with antigen (40), whereas anti-hapten
antibodies tend to have more limited interaction through a
smaller paratope that is buried deep in the V-V, interface (39,
65). Meanwhile, peptide-binding antibodies are thought to use
a “grooved” paratope that is in between the size of the surfaces
observed in anti-protein and anti-hapten clones (55). Antibody
pT231/pS235_1 contains an unusual bowl-like recess in its
CDR-H2 surface, into which the phosphate group of pThr-231
inserts. This stabilizes the specific interaction with the phos-
phopeptide (but not the unmodified peptide) through a net-
work of hydrogen bond interactions. Antibody pT231/pS235_1
also utilizes a long but highly structured CDR-H3 loop to make
the majority of its definitive anti-peptide contacts. Given the
issue of entropic penalty during peptide binding (60), it seems
likely that the constrained structure of CDR-H3 may be an
additional important factor in the high-affinity epitope interac-
tion observed for pT231/pS235_1. Indeed, recent studies of
human antibody Vy; (66), shark Vi, (67), and camelid V;H
(68) domains with non-canonical cysteines in their CDRs all
support the critical role of disulfide bonding in the mainte-
nance of binding affinity.

The crystal structure of pT231/pS235_1 Fab therefore pro-
vides new insight into the CDR structural diversification mech-
anisms used by chickens. A recent bioinformatic study has
shown that the chicken V,; domain repertoire is highly homol-
ogous to that of humans and mice in both the frameworks and
CDRI1 and CDR2 (32). In contrast, chickens use a much longer
V; CDR3 repertoire and frequently stabilize these long binding
loops by introducing non-canonical disulfide bonds (32). In the
structure presented here, a descriptive example of that mecha-
nismis highlighted, along with a V,, CDR1 structure, which may
be common in chicken antibodies but is distinctly different
from any hitherto described structure in mammals (58, 69).

In summary, this study has validated the use of immunized
chickens in a rapid and multiplexed method to generate phos-
phoepitope-specific mAbs. We have also defined unique struc-
tural attributes of the highest affinity antibody generated.
Future improvements in the methods utilized here will help
increase the success rate of generating phosphoprotein-specific
mAbs and allow us to increase the understanding of the nature
of phosphoepitope recognition by highly specific antibodies.
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